Household water treatment with chlorine can improve the microbiological quality of household water and reduce diarrheal disease. We conducted laboratory and field studies to inform chlorine dosage recommendations. In the laboratory, reactors of varying turbidity (10-300 NTU) and total organic carbon (0-25 mg/L addition) were created, spiked with Escherichia coli, and dosed with 3.75 mg/L sodium hypochlorite. All reactors had >4 log reduction of E. coli 24 hours after chlorine addition.
an average 29% reduction in diarrheal disease in users and a 41% reduction in confirmed users (Arnold & Colford ) .
This documented impact has encouraged broad dissemination of household chlorination in over 40 countries, and in emergency response (POUZN ; Medentech ).
As access has expanded in areas where many water sources contain suspended organic material, questions have been These CDC and WHO dosage guidelines were developed after testing chlorine demand of 106 drinking water sources from 13 countries (Lantagne ) . Among nonchlorinated source waters of turbidity <10 NTU or from a protected source, results were consistent, with 71 (87%) of 82 samples treated with a 1.875 (1.88) mg/L sodium hypochlorite dose maintaining FCR 0.2 mg/L for 24 hours after dosing. The results from the 14 non-chlorinated water samples from unimproved sources with turbidity between 10 and 100 NTU were not as consistent: only five (42%) of the 12 samples analyzed at the 3.75 mg/L dosage had FCR 0.2 mg/L for 24 hours after dosing. Direct chlorination was not recommended for waters >100 NTU. These results were expanded upon in a more recent study in Tanzania, where the chlorine demand of 43 hand dug wells was tested (Mohamed et al. ) . The results were roughly similar, finding that single doses of sodium hypochlorite and sodium dichloroisocyanurate were effective to 20 NTU, double doses to 50 NTU, that sodium dichloroisocyanurate could be effective at a double dose to 100 NTU, and that neither was effective at >100 NTU. However, the results were limited by small sample size (between two and 14 samples in each of the seven turbidity categories), and because the percent of samples meeting a criterion of FCR 0.2 mg/L at 24 hours was not presented. Additionally, both studies were limited because turbidity was used as a surrogate for chlorine demand, instead of harder-to-test more accurate indicators of chlorine demand, such as total organic carbon (TOC).
Another limitation of the above studies is that neither included measurements of microbial reduction after chlorination of turbid waters, which is a concern as pathogenic organisms can be shielded within organic material and thus be more resistant to chlorination (LeChevallier et al.
).
We identified two studies where microbiological efficacy of chlorination of turbid water was investigated. In the first, water samples from six watersheds in the United States subjected to chlorination-only treatment of surface water were tested, and an inverse relationship between chlorine disinfection efficacy and turbidity was documented (LeChevallier et al. ). At doses from 0 to 2.5 mg/L of calcium hypochlorite with 1 hour of contact time, coliform reduction varied from >3 log (>99.9%) in water with 1.5 NTU turbidity to ∼1 log (90%) in water with 8-13 NTU turbidity. In the second study, in Western Kenya, a 5 mg/L dose of sodium hypochlorite was added to 30 water samples, ten of which were <10 NTU, ten with 10-100 NTU, and ten with >100 NTU (Crump et al. ). The mean Escherichia coli level in untreated water was 3,938 CFU/100 mL (1-43,900). After treatment, the mean E. coli level was 0.5 (<1-10.9), with 90% of samples in the <10 NTU category, 100% of samples 10-100 NTU, and 60% of samples >100 NTU meeting the WHO drinking water guideline value for E. coli of <1 CFU/100 mL (WHO ). These results highlight that -at high enough dosages -chlorination can effectively inactivate bacteria in turbid waters.
Our goal was to address the limitations of the above studies -including small sample sizes (particularly in the stock of ATCC 25922 (Manassas, VA), to achieve a target concentration 10 8 CFU as determined by spectrometer reading at 600 nm wavelength, and confirmed by most probable number testing using IDEXX Quanti-Trays, Colilert ® media, and sealer (Westbrook, ME). Five to ten minutes after spiking, reactors were dosed with 3.75 mg/L sodium hypochlorite using Clorox ® bleach, the concentration of which was confirmed daily using Hach digital iodimetric titration Method 8209 (Loveland, CO). The reactors were mixed twice: initially to allow the E. coli to react with the particulate matter, as it might in natural water and once more when the chlorine was added. The reactors were then left to settle for the remainder of the experiment (24 hours) to replicate a user adding chlorine to their water and then letting it sit. A control reactor (with no sodium hypochlorite added) was included during each sampling round to account for growth or die-off of E. coli; the NTU and TOC levels and concentrations in the control were varied each sample day such that by the end of testing there was one control reactor for each NTU/TOC combination tested.
Temperature, pH, turbidity, TOC, FCR, and total chlorine residual (TCR) were measured in each reactor before chlorine addition, with methods described as follows. In each reactor, after chlorine addition: (1) temperature and pH were measured at 1 and 24 hours after addition using a thermometer and Hanna multimeter (Bedfordshire, UK);
(2) turbidity and TOC were measured at 1, 2, and 24 hours after addition using a Hach 2100 Portable Turbidimeter (Loveland, CO) and a Shimadzu TOC analyzer (Kyoto, Japan), respectively; (3) FCR and TCR were measured at 1, 2, 4, 10, and 24 hours after addition using a LaMotte 1200 chlorine colorimeter and DPD-1 and DPD-3 (N,N-diethylparaphenylene diamine) tablets (Chestertown, MD); and (4) E. coli concentrations were measured at 1, 10, and 24 hours after addition using the IDEXX MPN method as described above. Meters were calibrated daily using nonexpired calibration solutions, and duplicate samples for turbidity and FCR were completed every ten tests for quality control purposes.
All data were entered, cleaned, and analyzed in Micro- Each water quality parameter was the continuous, non-parametric variable with the source improvement category as the independent group variable. To compare <5 and <10 NTU cutoffs and the percentage meeting FCR criteria, the 95% confidence intervals were calculated and compared. As the two cutoffs are not independent groups, a chi-square test
could not be performed comparing the cutoffs with the criteria outcomes.
Logistic regressions were performed to analyze factors contributing to water samples meeting criteria at 8 and 24
hours, with the output variable of meeting FCR criteria and input variables of source type, turbidity, and chlorine dose.
RESULTS

Laboratory study
Temperature and pH were constant for all reactors during all time points, with a mean and standard deviation temperature of 19.4 C (0.5) and a mean and standard deviation pH of 7.54 (0.1) ( Table 1) In reactors with 25 mg/L TOC added, the mean FCR was 0.14 mg/L at 24 hours and 22% (2) of the samples met criteria. The difference between the TOC strata was not statistically significant (p ¼ 0.27).
The average RPD in the temperature, pH, turbidity, TOC, and E. coli results were all <1%. The average RPD in FCR and TCR data were 14.1% and 3.2%, respectively.
The initial geometric mean E. coli concentrations ranged from 4.24 × 10 7 to 2.27 × 10 8 CFU/100 mL (Table 2) . At 1 hour, geometric E. coli concentrations were 6.7-2,031.9 CFU/100 mL, with log reduction values with <1 CFU/100 mL (n ¼ 4); after 10 hours, 67% of samples had <1 CFU/100 mL (n ¼ 34); and after 24 hours, 74% of samples had <1 CFU/100 mL (n ¼ 31).
The control reactors that were used for each trial reactor accounted for any natural growth or die-off of E. coli. The temperature and pH were similar for the control reactors compared to the trial reactors. There were some differences between control and trial reactors for the turbidities, with an RPD ranging from 6 to 20% at 1 hour and from 14 to 49% at 24 hours. The TOC had lower RPD, with 0 to 11% RPD for the varying TOC groups. There was no chlorine residual in the control reactors. There was no E. coli reduction in the control reactors and the E. coli counts remained greater than 2.4 × 10 8 CFU/100 mL for all reactors except for one, which was too numerous to count for all four time points.
Thus, E. coli results are not adjusted for die-off in the results presented herein.
The RPD for the duplicate samples taken every ten samples was, on average, between 0.0 and 0.85% for temperature, pH, turbidity, and TOC. The average RPD for FCR and TCR data were 14.1% and 3.2%, respectively. (Table 3) .
Overall, 54% (86/158) of the sources were categorized as improved, the majority of which were protected wells and urban standpipes ( represented 35% of the sources tested.
The median turbidity of the 158 included sources was 3.37 NTU (range 0-551), with 113 (72%) of turbidity 0-<10 NTU, 42 (27%) of turbidity 10-100, and three (2%) of turbidity >100 (Table 4 ). Within the 10-100 NTU range, turbidity was not normally distributed, with 43% (25) <30 NTU. At the five and ten NTU breakpoints, 90 sources were <5 and 68 sources were 5 and 113 sources <10 and 45 sources were 10. The median pH was 7.0 (range 4.1-9.4); 24 (15%) sources had pH >8.0. The median conductivity was 160 μmhos/cm (range 0-2,000).
Improved sources had significantly lower median turbidity (1.23 NTU) than unimproved sources (11.1 NTU) (p < 0.001). The pH and conductivity did not significantly differ in unimproved sources as compared to improved sources.
Overall, 160 samples were tested at the 1.88 mg/L dose from the 149 sources and 141 samples were tested at the 3.75 mg/L dose from 136 sources. Please note 16 sources were tested for both sodium hypochlorite and sodium dichloroisocyanurate, 11 at 1.88 mg/L dose and five at 3.75 mg/L dose. All samples not tested at the higher 3.75 mg/L were from improved sources. Duplicate samples were conducted on turbidity and FCR samples, with 9%
and 8% of samples duplicated, respectively. The RPD of duplicate samples was 6.5% for FCR and 3.5% for turbidity. At both doses and both time points, unimproved water sources had lower median FCR concentrations than improved sources (p < 0.001 for all four tests at two doses and time points).
Stratification by turbidity breakpoints
In water sources with <5 NTU, the 1. (Table 6 ). While using the 3.75 mg/L dose in water sources with turbidities <10 and 10-20, the 0.2-2.0 FCR criteria were met only 15-38% of the time at water. This work highlights the importance of maintaining FCR in stored household water to prevent recontamination.
As such, it is recommended that HWT chlorination programs also promote safe storage and safe handling of water to ensure field effectiveness can match laboratory efficacy.
Lastly, users will only consume water products they The limitations of this work include the limited number of samples in high turbidity ranges, which can be attributed to the fact that 'real-world' water sources were used, and only a small percentage of the global population uses very high turbidity waters for drinking. Additionally, time constraints in field data did not allow for FCR data to be collected at exactly the precise time points in all contexts.
In the laboratory experiments, the kaolin clay and the plastic material used for the reactors in the laboratory experiments may have leached organic carbon intro the buckets, but we believe that any leaching was insignificant compared to the organic carbon from the E. coli broth. TOC was present in the 0 mg/L reactors, and higher than the TOC addition in the other reactors, due to the carbon content of the broth used to grow the E. coli stocks. The E. coli growth patterns were not characterized, but there was no significant die-off of E. coli overnight and in the next day.
An additional limitation is that the chlorine demand created in the laboratory testing, which was a mix of clay, TOC standard, and TOC from the E. coli broth that led to high TOC levels, may or may not be representative of real-world chlorine demand. In addition, the E. coli may not have had sufficient mixing/contact time to associate with particles (one reason why chlorination in high turbidity is so difficult). However, we feel that the results, showing E. coli reduction and (for the most part) maintenance of this reduction in the absence of detectable FCR, are valid. Due to these limitations, we feel our results present a very conservative estimate of chlorination efficacy in turbid waters.
Further laboratory and field research on chlorine demand in real-world high-turbidity waters (>50 NTU) would be of utility, and further work comparing FCR maintenance in sodium hypochlorite solution and sodium dichloroisocyanurate tablets is also needed.
One of the greatest challenges in chlorination is balan- Additional research is needed to understand the context in which balancing these criteria is, and is not, possible, and to develop alternatives which include selection criteria to prioritize alternate treatments or water sources. Lastly, it is important to note the doses proposed are appropriate for approximately 90% of waters. While this is the vast majority, it is not 100%. Further research is needed to understand:
(1) what the raw water quality characteristics are that lead to FCR not being maintained (by testing water quality parameters of real-world waters that do not meet criteria);
and (2) how to address these with pre-treatment (filtering, pH adjustment, etc.). Although most HWT products are sensitive to source water variation, it is important to bring the percentage of waters appropriate to be treated as high as possible.
CONCLUSIONS
Based on our results, we recommend that improved/ low turbidity sources be dosed at 1.88 mg/L and used within 24 hours, while unimproved/higher turbidity sources be dosed at 3.75 mg/L and, if possible, consumed within 8 hours. We further recommend that HWT chlorination programs promote safe storage and handling of water, and that additional laboratory and field research be conducted on chlorination of water in the 50-100 NTU range.
